Concentrating Solar Power (CSP) dish systems use a parabolic dish to concentrate sunlight, providing heat for a thermodynamic cycle to generate shaft power and ultimately, electricity. Currently, leading contenders use a Stirling cycle engine with a heat absorber surface at about 800°C. The concentrated light passes through an aperture, which controls the thermal losses of the receiver system. Similar systems may use the concentrated light to heat a thermochemical process.
INTRODUCTION
lar Power systems use parabolic reflectors, or appr easible cost, the system capital n can impact the perf Concentrating So oximations thereof, to concentrate sunlight. The concentrated energy is then absorbed as heat which is used to drive a thermodynamic or thermochemical cycle. Dish Stirling systems have demonstrated the highest net solar conversion efficiency, with the Stirling Energy Systems (SES) recent world record of 31.25% net conversion to grid-read electricity [1] . The dish-Stirling system attains its high efficiency through high concentration ratios, allowing the thermal losses to be decoupled from the absorber design through the use of a loss-limiting aperture. This high concentration ratio requires a high level of system optical efficiency.
In order to generate electricity at f cost must be minimized. This is particularly important in utility-scale deployments, such as those planned by SES [2] , where the revenue is on the utility side of the meter. The Department of Energy (DOE) goals for the Levelized Energy Cost (LEC) for dish-Stirling systems is $0.06/(kW-hr) [3] . In order to reach this goal, SES has determined a need for total system installed cost at $2/W, or $50000 for a 25 kW rated system [4] . These goals require cost reduction associated with every part of the system. So far, dish-Stirling systems have been individual units hand-made by expert engineers, with corresponding prototype-level costs. However, loss in system performance caused by the decreased performance of a lower cost component may completely offset the intended system cost reduction. It is the purpose of this paper to highlight the tradeoff between cost of the reflective facets and the optical quality of these facets, so that reasonable economic decisions can be made for the collector component.
A number of optical deviations from perfectio ormance and durability of dish-Stirling systems. Table 1 highlights some of the recognized sources of optical error, and their potential impact on the system. There are two primary impacts of optical imperfections, service life and performance reductions. Error sources that simply impact the aperture size will reduce performance. However, errors that can increase the peak flux on the receiver will impact the receiver's service lifetime. It is also important to recognize the difference between random and systematic errors. Randomlydistributed errors can generally be characterized as an RMS (root- Closed loop tracking mean-squared) error, which is the standard deviation of the slope error of the collector surface and implies a normally-distributed error. Systematic errors generally cannot be characterized in the same way, and can lead to "flux pile-up" issues that are not predicted with a normal distribution approximation. Systematic errors may include facet shape errors, alignment errors, structural deflections due to gravity and wind, and tracking system errors. Through experience with the Sandia National Laboratories Advanced Dish Development System (ADDS) [5, 6] , we also recognize that most of these impacts can be minimized through careful design, manufacturing quality control, quality alignment tools, and closed-loop tracking controls. From this experience and indications from prior studies [7] , we find that the size of the aperture has a very strong impact on system performance. In the case of the present study, we desire to optimize the aperture size as driven by the facet accuracy, and then compare the impact of this aperture size on system performance and economic viability.
Reflective facet accuracy, in recent years, has been consistently dete slope error that can be characterized by a norm
MIRROR FACET OPTICAL ERRORS
acet slope errors for a rang ch as Sandia's Test Bed Concentrator (TB the late 1980s and early 1990s, several attempts were mad em with each facet made from many smaller flat, square subfacets [13] . They built two versions, one with rmined through the use of the Sandia/National Renewable Energy Laboratory (NREL)-developed V-SHOT (Video Scanning Hartmann Optical Tester) system [8] . This system measures the actual slope error at a large number of points across the mirror facet, and compares this measured slope to the "ideal." The definition of "ideal" has not been consistent through the development of the V-SHOT tool. In some cases, the ideal is a true parabolic shape, in some cases the design shape of the particular facet technology, and in some cases a "best fit" polynomial or other curve. It is important when comparing technologies to attempt to compare them on a consistent basis. For this report, the key point is that the many "commercial" facet designs that have been characterized tend to have fairly high slope error values compared to the "structural" facets demonstrated on the ADDS and later incorporated by SES.
We are interested in a ally-distributed localized random error across the facet surface. This imperfection will spread the reflected/focused sunlight in a conical fashion as it approaches the receiver. Large-scale, or systematic errors, may or may not be limitations of the manufacturing process, but are not well-modeled by the random error approximation. The figure of merit for random errors is the "RMS" slope error, which is the 1-sigma characterization of the error distribution. This is typically reported for the two principle axes separately, but many manufacturing methods produce a facet with similar errors in both axes. In addition to the spreading through random slope errors, the focused light is spread by deviations from a perfect parabola. For example, a number of dishes (Test Bed Concentrators [9] , Advanco [10] , SES) approximate a parabola through the use of sphericalcontour facets. Given enough facets, the dish is a "piecewise spherical" parabola, very similar to drawing a "piecewise linear" simulation of a circle with small straight line segments. The more segments that are used, the more the joined lines begin to look like a circle. Such deviations from a true parabola may be distributed sufficiently to be characterized by the normally-distributed random error approximation.
In this section I will review the reported f e of prototype systems developed over the last few decades. This gives a frame of reference for what has been viewed as possible for commercial scale concentrator facets. Table 2 summarizes the slope errors reviewed in this section.
Laboratory dish systems su C) have expensive but highly accurate facets. The TBC facets were measured at a nominal 0.5 mrad slope error [11] . A foam-glass substrate supports a thin glass and silver reflective surface and provides the design curvature. The foam glass is hand ground to the correct shape on a mandrel, which is an expensive process. The facets are spherical in contour. The prototype Advanco Vanguard system has 336 spherical-contour facets that are also reported to be 0.5 mrad slope error [11] . During e to use stretched membrane concentrator facets. In this concept, t a thin membrane is supported by a lightweight structural ring, and a slight vacuum behind the membrane provides a near-spherical shape. Cummins Power Generation used 24 1.524m diameter facets with an aluminized Mylar film as the reflective surface [11] . While this Compendium [11] reports a slope error of 1.5 mrad, other more detailed reports [12] indicate a range of slope errors from 1.5 to 2.5 mrad. Science Applications International Corporation (SAIC) and Solar Kinetics Inc. (SKI) used stainless steel stretched membranes on a 3.0 m facet [11] , with a reported slope error range of 1.2 to 3.5 mrad. However, SAIC further reports [13] that they never achieved better than 2.5 mrad with the stretched membrane approach. On a larger scale, several companies have attempted single-facet stretched membrane dish systems. One notable example is the Distal II systems in Spain, built by Schlaich, Bergermann und Partner GbR (SBP). These systems had a slope error of just over 3 mrad compared to an ideal parabola, but less than 1.5 mrad when compared to a best-fit 10 th -order polynomial [14] . This demonstrates the difficulty of separating local errors (random) from dish-scale errors (systematic) when considering large-facet systems.
SAIC built a prototype syst 0.3m ss similar to that used by trough systems. In this appr ve a slop lass lay-ups. However, no detailed public info on was first impl ms 25kW Stirling MDAC systems. The Pane rmance at steady state conditions is very linear with inso nical entry cone that supp square subfacets for Concentrating Photovoltaics (CPV), and one with 0.15m square subfacets for dish-Stirling systems. They report slope errors of 2 mrad, but this was as compared to ideal flat multiple subfacets, not compared to the parabolic contour. Therefore, this was simply a characterization of the accuracy of mounting each subfacet at a particular angle. If one assumes the desired profile is spherical, the error due to the flat subfacet can be determined by integrating the slope of a spherical element across the area of the flat subfacet. If a radius of curvature of 16.25m is assumed (one of the radii of the McDonnell Douglas (MDAC) 25-kW system [15, 16] ), the 0.15m flat subfacets would have an effective RMS slope error of 3.8 mrad, assuming they were placed perfectly and had no local imperfections. The total system effective slope error compared to a parabola would then be over 4 mrad.
A commonly considered facet approach for dish concentrators is the thick slumped gla oach, the glass provides the facet structure as well as the reflective surface. The glass is thermally formed to a spherical or parabolic shape. Few dishes have been built this way, but a large number of trough systems use this mirror approach. The baseline Solargenix 1 stgeneration trough was measured at 4.4 mrad accuracy, but this included a small amount of mis-alignment of the panels. A nextgeneration Solargenix module was measured "approaching 3.0 mrad" by NREL [17] . This measurement also included alignment errors, since an entire trough section was characterized. Estimates indicate that the local imperfections might be less than 2.0 mrad slope error. No results could be found for dishes incorporating slumped glass.
MDAC developed a 25 kW system with a stamped steel facet and a thin glass reflective surface. This system is reported to ha e error of 0.6 mrad [15] . However, more recent measurements by the NREL V-SHOT system indicate a slope error of 1.5 mrad [18] . The dish uses 82 spherical contour facets with 5 different radii of curvature to simulate a parabola. The stamped steel facets showed great promise in accuracy and potential cost, but the cost of prototype stamping dies is high. In production, this approach is seen as very viable [19] . Acurex incorporated a stamped steel construction into a single-facet 15 m dish [11] , with a goal slope error of 2-3 mrad. However, the dish was damaged in high winds before measurements could be completed.
Several companies have demonstrated facets built on mandrels with various fiberg rmation on slope error characterization is available. Sandia National Laboratories and Paneltec developed a sandwichconstruction structural facet [20] . This constructi emented on the ADDS, and had a reported accuracy of 0.8 to 1.4 mrad [21] . The ADDS facets were somewhat larger than the original structural facet prototypes developed for Sandia's TBC. These original attempts at structural facets demonstrated a slope error of 0.4 to 1.0 mrad [20] . In 1998 the material cost for prototype facets estimated at $56.38/m² [20] , and production material cost was estimated at under $36/m². The cost of materials has risen, and we do not have current estimates on the cost potential in production. The 1998 cost estimates for the structural facets are for materials only, and it is assumed that in production the labor content could be reduced to very little. These cost estimates were seen as very competitive with poorer-performing lowcost facets at the time. This construction has more recently been incorporated on the SES prototype systems [22] , which are patterned after the MDAC systems. SES reduced the part count to two radii of curvature after determining that the outermost mirrors effectively determine the system aperture size. We will use published data on this SES system as a baseline design for our mirror performance analysis.
DEFINITION OF BASELINE SYSTEM
The SES system incorporates a Mark II Kocku engine, which was also used on the Advanco and ltec structural sandwich facets have been measured by NREL's V-SHOT system at approximately 0.8 mrad RMS slope error. Sandia National Laboratories developed an improved alignment strategy that smoothes the flux pattern on the receiver, filling in the gap from the support pedestal, without compromising the aperture size [23] . The radii of curvature selection has been reduced to two sizes, compared to the 5 used on the MDAC system [22] . A 0.19 m diameter aperture is used to control re-radiation and reflection losses from the receiver cavity [23] .
The total dish area is 87.7m² of solar intercept area [11] . The system perfo lation ( Figure 1 ) [24] , as expected for dish-Stirling systems [25] . The deviations from a straight line at 600 W/m² are caused by the startup thermal transient. Similarly, the drop in output at 1000 W/m² is during a short dense cloud transient. A nominal performance curve can approximate the system performance, as shown in Figure 1 . This line passes through 25 kW net rated power at 1000 W/m², and zero output power at about 200 W/m² insolation. This idealized performance will be used in the analysis. The cost of this system in large installations is expected to be $2/W or better [4] . We will use this estimate when looking at the economic impacts of facet quality.
The receiver cavity consists of the absorber tube bundle, surrounded by a cylindrical ceramic cavity, a co orts the aperture, and a ceramic center plug that protects the top of the engine [11] . Figure 2 shows a published cross section of the receiver cavity, along with the idealization used to model the cavity performance. Note that later versions of the MDAC receiver design on the Kockums engine included the conical sidewall for the lower portion, as modeled. The center plug on the actual receiver is reentrant (sticks back into the cavity), which cannot be modeled easily with existing tools. However, a detailed analysis indicates that simulating this protective plug with a flat plate of ceramic is a reasonable approximation, with a difference in predicted thermal losses of less than 20 W. 
ANALYSIS AND RESULTS

d in which the normally-distributed slop
The reflective optics of the system were CE2 dish modeling program [26] . This well-known model convolves the sun shape with the normally-distributed slope error of the facets to generate an incident solar flux on an axis-symmetric receiver cavity of arbitrary shape. For most of the analysis, I assume a nominal 1000 W/m² insolation on the dish and 94% reflectivity. I assume perfect tracking and alignment, with the only imperfection being the facet slope error. The baseline system CIRCE2 model predicts 82.5 kW incident into the receiver cavity through the 0.190 m aperture, with 69.0 kW directly incident on the absorber tubes. For most of the models, unless noted, the receiver cavity shape and position were not changed. The 82 mirror positions were based on the MDAC mirror layout, and the mirrors were 1.22 m x 0.91 m each. The Sandia-developed alignment strategy [23] was implemented for all cases. Figure 3 shows the baseline incident flux pattern on the engine absorber tubes [23] as predicted by CIRCE2.
Sandia National Laboratories AEETE eling code was used to evaluate the net thermal transport within the cavity and predict the total energy losses and absorbed energy, based on the CIRCE2-predicted incident fluxes. AEETES is a 2-D model that accounts for the solar-band diffuse reflections in the cavity to develop a net solar input flux on each element, and then accounts for thermal radiation, conduction, and convection to develop a temperature field and net flux in the entire cavity. From this, the thermal losses and net absorbed power can be determined. The convection is based on the Stine correlation [28] at 45 degrees dish elevation. Conduction is limited to 1-D radial or axial conduction. I assumed 0.05m of insulation on the cylindrical sidewall, and 0.15m on the conical sidewall and the center plug. The insulation conductivity was set to 0.5 W/m°K, with convection on the outside at 40 W/m²-°K to 293 °K air. The absorber face temperature was set to 800 °C, which is consistent with a working fluid operating temperature of 720 °C at the anticipated flux levels. All of the ceramic had a solar-band absorptivity of 20% (reflectivity 80%), and a thermal-band emisivity of 80%. The absorber tubes had a solar band absorptivity of 89% and an emisivity of 85%, as is typical in analyzing such receivers with Inconel surfaces. The results may be sensitive to these properties, but they were held constant for the purposes of this study. A detailed study of the sensitivity to these properties is presented by Diver [7] . A matrix of runs was develope e error was varied over the range of 0.8 mrad to 3.5 mrad, covering the baseline case and most of the published potential facet qualities. At each modeled slope error, the aperture size was varied from 15.24 cm to 35.5 cm in diameter (6 in to 14 in). When the aperture is too small, significant concentrated light is intercepted by the edges of the aperture and never makes it to the receiver (intercept losses). When the aperture gets larger, the thermal losses increase. The net result is that an optimum can be determined for each slope error. As the slope error gets larger, the image size at the aperture is larger, and the aperture must be larger to prevent spillage. Figure 4 shows the net power absorbed by the engine tubes in each case, with a clear optimum in aperture size for each facet slope error. The baseline case of 0.8 mrad slope error has an optimum at 17.8 cm diameter (7.0 in), whereas we have experimentally determined that the optimum is between 17.8 and 19.0 cm (7.0 and 7.5 in). This means that the remainder of the errors that impact aperture size such as structural deflections, alignment errors, and tracking errors are very well controlled on this system, and are virtually negligible. Figure 5 shows the loss components for the op Figure 3 . Flux distribution on absorber tube array as predicted by CIRCE2, using the Aperture Restrained dynamic alignment strategy [23] timum cases at each ut more flux on the side la, it is also slope error. Notice that the conduction and convection change little, but the reflection, re-radiation, and intercept terms increase dramatically with the increased slope error. However the re-radiation does not increase with T 4 as expected. This is for several reasons. First, as the aperture is opened, there is less cavity effect. The effective absorptivity approaches the absorptivity of the heated surface materials. Second, more of the light is incident on the white sidewalls, which have a lower absorptivity than the tubes.
Since the higher slope error models p walls and less on the tubes directly, the peak flux on the tubes is decreased. I ran one case at 3.0 mrad in which I moved the absorber tube bundle 0.0254 m closer to the aperture so that the peak flux returned to near nominal levels. However, the losses were only minimally reduced compared to those associated with the baseline receiver cavity size/shape. While the losses due to reflection from the sidewalls was reduced by moving the absorber toward the aperture, the view factor from the absorber to the aperture was increased, and so reflection and re-radiation from the absorber increased as well.
Recognizing that the SES dish is a simulation of a parabo instructive to determine the loss of performance due to this compromise of a true parabola. While a physical dish would have compromises for structural support, blockage, etc., I modeled the ideal dish as a continuous parabola. I did insert a hole in the center of the parabola, since the engine package will cause a shadow. For simplicity in this model, I varied the hole size until the power on the center plug matched that of the baseline case. I then adjusted the outer diameter until the total intercept area of the dish matched the baseline case as well. The focal length/diameter ratio (f/d) of the round dish was held at 0.6. This resulted in a 10.9 m diameter dish with a 2.5 m diameter hole, and a focal length of 6.528 m. The absorber was positioned to provide the same spillage onto the outer cylindrical sidewall as the baseline case, which resulted in moving the absorber .0254 m closer to the aperture. The result is also shown in Figure 4 , where the optimum is seen at a 12.7 cm diameter aperture, and an additional 3 kW thermal energy is absorbed into the engine. This demonstrates the extent of the compromise of the parabolic shape due to the piecewise-spherical simulation. This also emphasizes the need to evaluate slope error in terms of a "perfect shape" (parabola) instead of against the design shape, in cases where the design significantly differs from a parabola, such as the SAIC approach with flat subfacets. In order to convert absorbed thermal energy into predicted net outp COST/PERFORMANCE RELATIONSHIP onomic impact of facet ompared to the ut power, we need to determine (by analysis) the absorbed power at various insolation levels, and then relate that to the measured system performance curve in Figure 1 . I modeled the dish with 78 facets (4 facets removed) and determined the absorbed energy for the baseline system at 200 to 1000 W/m² insolation. The facets had been removed from the hardware system due to the high insolation levels available in Albuquerque, combined with several optical system improvements, in order to match the power input requirements of the engine. This is shown in Figure 6 , along with the system performance curve from figure 1. At 200 W/m² insolation, the system net output power is 0, but the absorbed thermal power predicted is 10.7 kW. This represents the power that must be absorbed to overcome fixed thermal and mechanical losses within the engine. At 1000 W/m², the net system output power is 25 kW, with an absorbed thermal power of 68.9 kW. If we cross-plot these results, we find the system net output power vs. the absorbed power, as shown in Figure 7 . The slope of this linear relationship indicates that 43% of additional absorbed power results in net electrical power out of the system, once the fixed losses are overcome. This curve is a fundamental characterization of the engine package based on measured electrical output data and modeled input thermal power. This can be applied to the full 82-facet system model.
There are a number of ways to estimate the ec performance. The simplest approach is to consider the value of the system at rated power based on the published baseline installed cost, at $50,000 or $2/W of rated power installed. The implicit assumption is that a complete economic analysis has been performed that indicates $2/W is an appropriate cost to operate the systems and make a profit for the investors. If we calculate the difference in absorbed energy between the baseline case and any other case, from Figure 4 , and then convert this difference in absorbed thermal power to a difference of rated output using Figure 7 , we find the curves in Figure 8 . The "optimum" aperture size was used for each slope error in Figure 8 . If the system "value" is $2/W installed based on the SES published goal cost and performance, then this reduction in system rated capacity is easily valued, also shown in Figure 8 .
If 
m
rmance would be to add addi thod is to evaluate the change in annual energy prod rad baseline, we see the reduction in absorbed thermal power is over 13 kW (Lost Thermal Power in Figure 8 ), which reduces the rated output electrical energy by 5.7 kW (Lost Electrical Power). This reduction would mean the dish, which has not changed in size or complexity, would have to be installed for $11.4k (Lost Value) less to break even at the $2/W cost. Since nothing has changed except the facets, for 82 facets, the price for the facets would have to be reduced by $139 each (Reduced Cost per Mirror) just to break even. This is more than the total estimated cost of the high performance prototype facets, even if the impact of inflation over the 1998 cost estimates is considered. Another way to look at this is if a $30 facet is found at 3.0 mrad accuracy, one could afford to pay $169 per 0.8 mrad facet and obtain the same cost/performance ratio. If the actual system installed cost is greater than $2/W, then the cost of this reduction in performance is also increased proportionally.
A second approach to value the lost perfo tional mirror area to compensate for the lost energy, so that the per-system rating remains 25 kW. However, this is a complex engineering problem. If we consider that 82 facets provide 60 kW thermal power to the absorber (3.0 mrad case), and we have to increase this by 13 kW, we would need roughly 18 more facets to provide this power. However, this substantially increases the size of the dish, which in turn increases the size of the aperture at the optimum, resulting in more thermal loss and requiring even more mirrors. We would not only have to consider the additional cost per facet, but also the cost of additional steel structure to support the new facets. In addition, the larger dishes would require a larger spacing in the field, with a cost in land, wiring, and maintenance time. It is likely these costs would far exceed the $11.4k estimated in the simple analysis above.
A third me uction of the system with the change in mirror performance. One must develop a complete system performance curve, not just the rated performance at specification conditions. I ran the 0.8 and 3.0 mrad slope error mirror cases at insolation levels of 200 to 1000 W/m² with the CIRCE2 and AEETES models to generate the absorbed thermal power curve shown in Figure 9 . I used the 78-facet model to remain compatible with the system model developed based on measured system data. Comparing this again as in Figure 7 , we can generate a new system performance curve (net output power is derived from net absorbed power), also in Figure 9 . The reduced performance results in a system net output model with 20 kW at 1000 W/m² insolation, and a zero intercept at 250 W/m² insolation. The baseline and 3.0 mrad system performance curves can be used in an annual performance model [29] to estimate the total system electrical energy delivered in a "typical" year. The model [29] uses Solergy [30] 15-minute weather data from 1977 at the Barstow Solar 1 location as a sample year, and calculates the energy produced every 15 minutes. I assumed the dishes have 100% availability and remain clean throughout the year. The model accounts for dish-to-dish shading and the impact this has on power production. Each baseline 78-mirror system produces 56.3 MW-hr in the modeled typical year, while the 3 mrad 78-mirror system only produces 44.0 MW-hr, for a net loss in energy produced of 12.3 MW-hr or 22%. These results are for an average dish in a 20,000-unit field of dishes. If we assume the energy is worth a nominal $0.10/(kW-hr), with summer afternoon value at $0.30/(kWhr) and winter at $0.06/(kW-hr), then the loss in revenue is $1573/year for each system or $31.5M/year for the field of 20,000 systems. The levelized energy cost can be expressed as: 
FCR AE LEC
The LEC*ΔAE term is the change in the annual cost of all the elec SUMMARY/CONCLUSIONS truction structural facets, at 0.8 mrad lity facets impact performance primarily through losstricity generated. Instead of cost, we can replace this term with the change in value of the energy produced, then the result is the impact on the capital value rather than cost. If we use a FCR of 7.42% (based on an Investment Tax Credit (ITC) of 10%, 5 year accelerated depreciation, 50/50 debt-equity ratio, and no property tax) [31] , and the change in the annual value of energy produced as $1573, we find the change in the value of the capital equipment is over $21,000.
The use of the sandwich cons slope error, has raised the possibility of dramatically improving the performance of "commercial" dish systems. We have seen many attempts at commercial-cost facets have resulted in local slope errors in the 2-4 mrad range. In this paper, we used a case study of the SES/MDAC dish design with these high performance mirrors to examine the performance and economic impacts of a range of facet performance levels.
The poorer-qua control aperture size, which increases dramatically with facet slope error. A point comparison of a 3.0 mrad facet design to the current 0.8 mrad facet design indicates a 22.8% loss in peak performance, and a corresponding 21.8% loss in annual performance. This results in an estimated loss in value of the system of $11k to $21k, depending on the method used. Thus, one could pay $139-$256 more per facet for the higher quality facet and break even on price to value ratio. Similar details can be developed at any proposed slope error facet to determine the change in value of such a system compared to the baseline 0.8 mrad facet system.
The [6] . E., Rawlinson, K. S., Moss, T. A., [7] sign [8] ., Edgar, R. M., and [9] Jones S. A., Robb S., and Mahoney A. R., 1995, [10] lic Dish-Stirling [11] [12] . W., 1995, "Co-Validation of [13] eatherby, M., 2003, "Demonstration of a [14] DISTAL II Dish ing system makes the losses very closely coupled to aperture size. When other imperfections in the system are reasonably controlled, the aperture size is directly dependent upon the random local slope error of the facets. The final result is that the value of the system is strongly influenced by the accuracy of the facets incorporated, and the designer can afford to pay a substantial premium for high quality facets, assuming a path to automated production can be identified. Of the facets reviewed, the sandwich construction facets currently in use by SES remain a strong candidate. While reported slope errors vary, the stamped steel construction facets show promise. The slumped glass facets, currently popular for trough systems, also show the possibility of reaching acceptable performance, but have to be demonstrated in a dish system.
The app onstrates the impact of reduced facet optical performance on system value. This same methodology can be applied, with similar results, to other dish systems with high temperature absorbers, such as dish-Brayton and thermochemical processes. The higher temperatures normally associated with these other cycles will increase the impact of thermal re-radiation losses. The additional losses were nearly equally split between thermal re-radiation, visible reflection, and increased intercept losses. Therefore, while the impact may be reduced somewhat, these conclusions also will apply to lower temperature systems, where reflection and intercept losses will still occur.
Similarly, the approach presented here can be applied t-focus systems (towers) and even line-focus systems. While some such systems (troughs) may not have a cavity to control re-radiation, loss mechanisms will still be driven by the receiver exposed area. An improved optical system can lead to higher net concentration ratios, with a corresponding improvement in system performance.
As Concentrating systems move from prototype to p reduction is a driving factor. The approaches presented in this paper provide a framework in which performance reductions associated with cost reductions can be evaluated. For the studied system, it is apparent that there is considerable value in high performance optics. Therefore, cost reduction cannot be considered independent of performance impacts.
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